T he first Neolithic humans reached Crete about 9,000 years before present (YBP) 1, 2 , coinciding with the development and adoption of the agricultural practices in the Near East and the extensive Neolithic population diffusion (8,000-9,500 YBP) that brought farming to Europe 3 . The most likely origins of these Neolithic settlers were the nearest coasts, either the Peloponnese or south-western Anatolia [4] [5] [6] . These humans established the first major European civilization on the island of Crete at the beginning of the Early Bronze Age 7 . Sir Arthur Evans, named the people who built this civilization 'Minoans' after the legendary Minos, the King of Knossos. Evans also suggested that the founders of the Minoan civilization were refugees from the Delta region of Egypt when North Egypt was conquered by the Southern king Narmer (Menes of ancient historians) at about 5,000 YBP 7, 8 ; his evidence were the similarities between Minoan and Egyptian art and elements he was considering Libyan in origin, such as the cod piece worn by Bronze Age Cretans and the circular tombs of the early inhabitants of Southern Crete that were similar to tombs built by the Libyans 7, 8 . Based on a variety of archaeological finds, other archaeologists have argued for Cycladic 9 , Anatolian 9,10 , Syrian or Palestinian 11, 12 migrations or for an autochthonous development of the Minoan civilization from the initial inhabitants of Crete 13 . Attempts to infer ancient ancestry of the Bronze Age Cretans using Y-chromosomal or mitochondrial DNA (mtDNA) studies of the modern Cretan populations have yielded conflicting results, supporting Balkan 14 , Anatolian 15 , or Middle Eastern and Balkan 16 origins.
In this study, we address the question of the origin of the Minoans by comparing Minoan mtDNA polymorphisms with those of 135 modern and ancient populations. We study skeletal remains from two Minoan populations, one in central Crete, the other in southern Crete. Following the application of a series of strict authentication criteria, we use for our comparisons the DNAs of only 37 Minoans whose remains were well preserved in a cave ossuary located in the Lassithi plateau of east-central Crete. We determine mtDNA polymorphisms using two different methods applied in two different laboratories. Our calculations of genetic distances, haplotype sharing and principal component analysis (PCA) exclude a North African origin of the Minoans. Instead, we find that the highest genetic affinity of the Minoans is with Neolithic and modern European populations. We conclude that the most likely origin of the Minoans is the Neolithic population that migrated to Europe about 9,000 YBP. We propose that the Minoan civilization most likely was developed by the autochthonous population of the Bronze Age Crete.
Results
The Minoan populations. To address the question of the origin of the Minoans, we analysed mtDNA polymorphisms in skeletal materials from two Minoan populations. The first population consisted of osseous remains of 39 individuals from an excavation of pre-palatial tholos tombs near the Odigitria monastery in southern Crete (Fig. 1) ; Odigitria is located close to the Minoan palace of Phaistos near the coast of south-central Crete. There was continuous use of these tholos tombs from the Early Minoan period I (B4900 YBP) to the Middle Minoan period IB (B3900 YBP) 17 . The second population consisted of the osseous remains of 69 individuals from a cave in the Lassithi plateau in eastcentral Crete near the village of Ayios Charalambos 18 . Lassithi plateau is located in the Diktaian mountain range south-east of the major Minoan civic centre of Knossos (Fig. 1) . The plateau has been inhabited continuously since the Late Neolithic and its population reached an apex in Middle Minoan period II (B3800 YBP) 19 ; because of its geography, the plateau likely served as a refugium 14 . The Ayios Charalambos cave was used as an ossuary from the late neolithic to the Middle Minoan IIB with a most likely period of the majority of the deposits during the Middle Minoan IIB (B3700 YBP). The cave was sealed for several centuries and it was accidentally discovered during road construction in 1976. Because of the low temperatures inside the cave, the osseous remains were preserved in excellent condition 18 .
Authentication of ancient DNA samples. Authentication of molecular archaeological results necessitates compliance with ancient DNA criteria 20 . Strict authentication criteria were used in our study. DNA extracts from all 39 individuals from the Odigitria tholos tombs failed authentication tests, including racemization results, which suggested poor preservational history. Of the 69 Minoans from the Lassithi cave, 32 were excluded for various technical reasons, including the absence of HVS-1 sequences in the DNA fragments submitted to next-generation sequencing (Supplementary Table S1 ). The authenticated sequences from 37 individuals (Supplementary Tables S2 and S3 ) determined independently by two methodologies in two different laboratories were used for the analyses described below.
Comparisons of Minoans with North African populations.
A data set containing HVS-1 sequences of 135 modern and ancient populations was used for comparisons with the sequences of the Minoans (Supplementary Table S4 ). For several statistical analyses, the modern populations were grouped to 71 geographic or ethnic groups (Supplementary Table S4 ). Twenty-one distinct Minoan mtDNA haplotypes were observed, six were unique to the Minoans and fifteen were shared with modern and ancient populations (Fig. 2) Table S7) . Notably, in Fig. 4 , a gradient can be observed, with the lowest affinity for Minoans found with Northern African populations and the percentage of haplotype sharing increasing as we move through the Middle East, Caucasus and the Mediterranean islands, southern Europe and mainland Europe (Fig. 4a,b ). Of notice also is the high percentage of haplotype sharing with Bronze Age (Fig. 4c) and Neolithic ( Fig. 4d ) European populations.
To apply PCA, each population was summarized by a frequency vector, depicting the frequency of each allele at each of the studied loci of the HVS-1 sequence. Pairwise distances between studied populations were computed based on the frequency vectors (using the standard L1 metric to measure distances between distributions), and the singular value decomposition of the resulting distance matrix was computed. The first two principal components capture 498% of the variation in the data and were deemed significant. Figure 5 illustrates the close relationship between the Minoans and the modern European populations. Importantly, three of the top ten nearest neighbours to the Minoans are ancient (two Neolithic and one Bronze Age) populations (Figs 5 and 6a, Table 1 and Supplementary Table S6 ). In fact, the highest percentage of Minoan haplotype sharing (33.33%) is observed with Neolithic populations from Southern Europe (including samples from Neolithic sites of Treilles and Iberia) (Fig. 4d ).
Discussion
Our results strongly suggest that the principal matrilineal genetic relationships of the Minoans are with Neolithic, ancient and modern European populations. Such findings are in support of the hypothesis of an autochthonous origin of the Minoan civilization by the descendants of the Neolithic settlers of the island 4, 13 . As it has been proposed for the other Neolithic European populations [21] [22] [23] , the most likely origin of the Cretan Neolithic settlers was Anatolia and the Middle East 4,7,9-11 . Given that the timing of the first Neolithic inhabitants to reach Crete 9,000 YBP coincides with the migration of Neolithic farmers out of Anatolia 3 , it is highly probable that the same ancestral population that spread to Europe, also spread to Crete and contributed to the founding of the early Minoan civilization. It has been suggested 24 that in addition to agricultural methods, the Anatolian farmers also brought with them the Indo-European language 25, 26 . The current prevailing hypothesis is that the Minoan language was unrelated to the Indo-European family. Alternatively, as suggested by Renfrew 5 , Proto-Minoan was one of the branches derived from the Proto-Indo-European language about 9,000 YBP.
The PCA analysis also highlights the high affinity of the Minoans to the current inhabitants of the Lassithi plateau as well as Greece. Among the top 10 nearest neighbours to our Minoan population sample, four are Greek populations and two of these from Lassithi prefecture (Fig. 5 ). The close relationship of the Minoans to modern Cretans is also apparent, when analysis is restricted to populations originating from Greece (Fig. 6b) . Particularly in respect to the first PCA (capturing 92% of the variance of this particular subset of the data), the Minoans are extremely close to the modern Lassithi population, the populations from the islands of Chios and Euboea, as well as the populations of Argolis and Lakonia (Southern Greece ) (Fig. 6b) . Thus, the modern inhabitants of the Lassithi plateau still carry the maternal genetic signatures of their ancient predecessors of the Minoan population.
Methods
Authentication. This study validated its results through the application of fifteen criteria. The DNA was extracted from tooth powders and DNA libraries were prepared in two independent laboratories in different locations at the University of Washington by different personnel. All DNA extractions and amplification preparations were carried out in physically isolated work areas in flow hoods exclusively dedicated to the study of ancient DNA. The extraction of DNA from teeth for next-generation genome sequencing was performed at the University of Washington in a separate building and by different personnel from the HVS-1 analysis. The samples were processed in a newly built laboratory facility that was restricted for use solely for the Minoan tooth materials. The DNA extracts were maintained in a dedicated, bleach-treated freezer in a separate wing of the building from the PCR or the Illumina machines. Multiple blank extractions were processed in parallel and negative controls were included in all reactions. Positive controls were excluded from extractions and amplifications to avoid the introduction of modern competitor DNA. The DNA samples were tested for appropriate molecular behaviour 27 . HVS-1 results were confirmed on a second tooth from the same individual. Small overlapping targets were amplified. PCR products were cloned to determine the ratio of endogenous-to-exogenous sequences. Amino-acid racemization 28 and concentration ratios 29 were determined in duplicate on a large subset of the samples. PCR copy number was estimated using real-time PCR methods. Protective surgical clothing and mask were worn during the handling and extraction of materials. Equipment, sand paper and tubes were illuminated with UV for 3 hours before each use. All commercial reagents (Taq Polymerase, primers, water and buffers) were screened for modern DNA before use. DNA extracts were screened with primers L16055-H16379, using the parameters outlined above to assess appropriate molecular behaviour. None of the ancient DNA samples reported here amplified when screened with the L16055-H16379 primer pair, indicating the absence of intact modern competitor DNA 20, 27 . Biochemical preservation of teeth was determined using amino-acid analysis by MicroAnalytica LLC on 15 All DNA extracts were shown to contain high copy numbers, ranging from 6,250-13,125 copies (average ¼ 10,500) per PCR reaction 30 .
DNA extraction, PCR cloning and sequencing. Teeth were decontaminated by removing the outer layer with sand paper, soaking in 100% bleach for 15 s, rinsing 8 times with DNA-free water and UV treating on all sides for 3 h. They were then pulverized with a Spex CertiPrep 6750 Freezer/Mill for 2 min at a setting of 4. Fourhundred milligram of the resulting powder was decalcified and digested following Krings et al. 31 , using Ultra reagents (Fluka BioChemika). For the HVS-1 analysis, samples were centrifuged for 1 min at 4,000g and the supernatant removed and extracted with an equal volume of UltraPure phenol, chloroform, isoamyl alcohol (25:24:1) (Invitrogen). Supernatant was concentrated to 100 ml using Microcon MW-30 columns (Millipore). DNA from concentrate was isolated using the MinElute Qiagen PCR Purification Kit 32 and eluted with 70 ml of DNA-Free Elution Solution (QBIOgene). Six microlitres of the DNA extract was added to each 25 ml reaction containing HotStart Taq DNA Polymerase (Qiagen) following the manufacturers protocol. Four or five overlapping primer pairs were used to amplify 16055-16379 of the mitochondrial HVS-1 region. Primers followed previous publications 31, 33 Sequence analysis and statistics. Consensus sequences were determined from manually aligned amplicons. Sequences were typed following Richards et al. 35 , where motifs containing 16304 were typed as haplogroup H rather than F. All analyses were performed treating cytosine deamination-induced artifacts as ambiguous characters (N). The Surfer 9.0 application (Golden Software Inc., Golden, Colorado) applying the Kriging method was used to graphically represent shared lineages on geographic maps.
Comparison data set of extant and ancient populations. For comparison to the Minoan haplotypes, we mined the GenBank sequence database, and compiled a data set of previously published HVS-1 haplotypes from 135 different population samples (total of 14,267 individuals) (Supplementary Table S4 ). For our analysis, samples were grouped into 71 population groups from modern populations and 11 ancient populations (Supplementary Table S4 ).
Population distance matrix based on allele frequencies. For each population, we computed the frequencies of the four different possible nucleotides (A,C,G,T) and missing entries for each of the 413 genotyped mtDNA loci of the HVS-1 region. Thus, each population was summarized by a vector of frequencies. To compute the distance between two populations, we ignored loci with 410% missing entries in either population. Then, for each locus, we computed the cityblock (L1) distance between the frequency vectors at that locus. (Recall that the L1 distance between two probability distributions is simply the sum of the absolute values of the element-wise differences.) The distance between the two populations is equal to the average of all L1 distances in all retained loci. This distance definition is symmetric, and for populations that have similar allele frequencies in all genotyped loci, this distance will be small. The above computation was run for all pairs of available populations, thus forming a pairwise distance matrix for all populations.
Principal component analysis. PCA was performed on a pairwise population distance matrix, which was computed using the allele frequencies at each genotyped locus. PCA was evaluated on various subsets of the available populations. Towards that end, we applied the singular value decomposition on the aforementioned pairwise distance matrix, to compute its singular vectors and values. The singular values were used to measure the significance of the top two principal components, and nearest neighbours to the Minoan population were computed by projecting each population on the top two singular vectors and then scaling by the corresponding singular values.
